Background/Aims: Rotenone (Rot) is known to suppress the activity of complex I in the mitochondrial chain reaction; however, whether this compound has effects on ion currents in neurons remains largely unexplored. Methods: With the aid of patch-clamp technology and simulation modeling, the effects of Rot on membrane ion currents present in mHippoE-14 cells were investigated. Results: Addition of Rot produced an inhibitory action on the peak amplitude of I Na with an IC 50 value of 39.3 µM; however, neither activation nor inactivation kinetics of I Na was changed during cell exposure to this compound. Addition of Rot produced little or no modifications in the steady-state inactivation curve of I Na . Rot increased the amplitude of Ca 2+ -activated Cl -current in response to membrane depolarization with an EC 50 value of 35.4 µM; further addition of niflumic acid reversed Rot-mediated stimulation of this current. Moreover, when these cells were exposed to 10 µM Rot, a specific population of ATPsensitive K + channels with a single-channel conductance of 18.1 pS was measured, despite its inability to alter single-channel conductance. Under current clamp condition, the frequency of miniature end-plate potentials in mHippoE-14 cells was significantly raised in the presence of Rot (10 µM) with no changes in their amplitude and time course of rise and decay. In simulated model of hippocampal neurons incorporated with chemical autaptic connection, increased autaptic strength to mimic the action of Rot was noted to change the bursting pattern with
Introduction
Rotenone (Rot) is a naturally occurring isoflavone obtained from the roots of plants belonging to the Fabaceae family (Derris elliptica or Lonchocarpus). It has been used for many years on a large scale as an insecticide or pesticide. Rot-induced animal models seem to reflect similar changes characterized by Parkinson's disease [1] . Importantly, this compound is known to be a toxin that suppresses complex I of the mitochondrial respiratory chain and inhibits NADH oxidation, thereby causing the overproduction of reactive oxygen species. It inhibits the transfer of electrons from iron-sulfur centers in CI to ubiquinone via binding to the ubiquinone binding site of complex I [2] . However, this compound appears to exert any effects on ion currents in different types of cells. For example, previous reports have shown that Rot could suppress delayed rectifier K + current [3] and increase ATP-sensitive K + current [4] , large-conductance Ca 2+ -activated K + (BK Ca ) channels [5] and TRPM2 currents [4, 6] . It has been reported to enhance NMDA-induced currents in substantia nigra dopaminergic neurons [7] . A current report also showed the ability of Rot to augment L-type Ca 2+ current in A7r5 aortic smooth myocytes [8] . However, to our knowledge, the effects of Rot on ionic currents or membrane potential in neurons still remain largely unknown.
The mHippoE-14 hippocampal cell line is known to possess the characteristics of embryonic hippocampal neurons and enables accurate in-vitro assays for use in the discovery, development and validation of new therapeutics targeted to central nervous system diseases and disorders, including obesity, stress, reproduction and metabolic disorders [9] [10] [11] . A previous report demonstrated that Rot could cause cell death in mHippoE-18 hippocampal neurons [12] . However, to our knowledge, no studies concerning the biophysical and pharmacological properties of membrane ionic currents in these cells have been thoroughly studied.
We have previously reported the biophysical and pharmacological properties of H19-7 hippocampal cell line [13, 14] . In this study, we intended to investigate the effects of Rot on ionic currents (e.g., voltage-gated Na + current [I Na ], Ca
2+
-activated Cl -current [I Cl(Ca) ], and ATP-sensitive K + [K ATP ] channel) and miniature end-plate potentials (MEPPs) in mHippoE-14 hippocampal neurons.
Materials and Methods
Drugs and solutions 4, 4'-Dithiodipyridine, MK-801 (dizocilpine), niflumic acid, nimodipine, rotenone (Rot, C 23 H 22 O 6 ), tefluthrin, tetraethylammonium chloride, tolbutamide, and tetrodotoxin were obtained from Sigma-Aldrich (St. Louis, MO), and DCPIB (4-[(2-butyl-6, 7-dichloro-2-cyclopentyl-2, 3-dihydro-1-ox-1H-inden-5-yl)oxy] butanoic acid) was from Tocris (Bristol, UK). All culture media, fetal bovine serum, L-glutamine, trypsin/ EDTA and penicillin-streptomycin were obtained from Invitrogen (Carlsbad, CA). The water used in this study was deionized using a Milli-Q water purification system (Millipore, Bedford, MA).
The composition of bath solution (i.e., normal Tyrode's solution) was 136.5 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.53 mM MgCl 2 , 5.5 mM glucose, and 5.5 mM HEPES-NaOH buffer, pH 7.4. For measurement of volume-sensitive Cl -current (I Cl(vol) ), the composition of hypotonic solution (200 mOsm/L) was 86 mM NaCl, 5.4 mM KCl, 1.8 mM CaCl 2 , 0.53 mM MgCl 2 , 5.5 mM glucose, and 5 mM HEPES-NaOH buffer, pH 7.4. To measure K + currents or membrane potential, the patch pipette was filled with a solution consisting of 140 mM KCl, 1 mM MgCl 2 , 3 mM Na 2 ATP, 0.1 mM Na 2 GTP, 0.1 mM EGTA, and 5 mM HEPES-KOH buffer, pH 7.2. The free Ca 2+ concentration for this solution was estimated to be 230 nM, assuming that the residual contaminating Ca 2+ concentration was 70 µM, and the ratiometric fura-2 measurement with an F-250 fluorescence spectrophotometer (Hitachi, Tokyo, Japan) revealed that this solution contained 234±15 
Cell preparations
Embryonic mouse hippocampal cell line (mHippoE-14; CLU198) was obtained from Cedarlane CELLutions Biosystems Inc. (Burlington, Ontario, Canada) [9] . The cells were grown as a monolayer culture in 50-ml plastic culture flasks in a humidifier environment of 5% CO 2 /95% air at 37 ºC. Cells were maintained at a density of 10 6 /ml in 5 ml of Dulbecco's modified Eagle's medium supplemented with 10% heat-inactivated fetal bovine serum (v/v) and 2 mM L-glutamine. The medium was refreshed every 2 days to maintain a healthy cell population. The presence of neuritis and varicosities during cell preparations was often observed. The patch clamp experiments were performed 5 or 6 days after cells were subcultured (60-80% confluence).
Electrophysiological measurements
Mouse hippocampal neurons (mHippoE-14) were harvested with 1% trypsin/EDTA solution prior to each experiment and a portion of detached cells was thereafter transferred to a recording chamber mounted on the stage of a CKX-41 inverted fluorescent microscope (Olympus, Tokyo, Japan) coupled to a digital video system (DCR-TRV30; Sony, Japan) with a magnification of up to 1500×. They were immersed at room temperature (20-25 °C) in normal Tyrode's solution containing 1.8 mM CaCl 2 . Patch pipettes were made from Kimax-51 glass capillaries (#34500; Kimble, Vineland, NJ) using a PP-830 electrode puller (Narishige, Tokyo, Japan) or a P-97 micropipette puller (Sutter, Novato, CA), and their tips were then fire-polished with an MF-83 microforge (Narishige). The recording pipettes had a resistance of 3-5 MW when immersed in the different solutions described above. Patch-clamp recordings were made in whole-cell, cell-attached, or inside-out configuration by means of an RK-400 amplifier (Bio-Logic, Claix, France) or an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA) [14] . Liquid junctional potential was adjusted immediately before establishment of the seal.
Data recordings
The signals consisting of voltage and current tracings were stored online in an ASUSPRO-BU401LG computer (ASUS, Taipei City, Taiwan) at 10 kHz connected through a Digidata 1550 digitizer (Molecular Devices) which was driven by pCLAMP 10.2 software (Molecular Devices). Current signals were low-pass filtered at 3 kHz. The data achieved during each experiment were analyzed off-line using different kinds of analytical tools including LabChart 7.0 program (AD Instruments; Gerin, Tainan City, Taiwan), OriginPro 2016 (OriginLab, Northampton, MA) and custom-made macro procedures built under Microsoft Excel 2013 (Redmond, WA). Through digital-to-analogue conversion, the gapped voltage-step protocols with either rectangular or ramp pulses created from pCLAMP 10.2 were commonly employed to evaluate the steadystate activation or inactivation curve for different types of ion currents (e.g., I Na and I Cl(Ca) ).
Data analyses
To determine concentration-dependent inhibition of Rot on the peak amplitude of I Na , cells were bathed in Ca 2+ -free Tyrode's solution and the depolarizing pulses from -80 to -10 mV with a duration of 30 msec at a rate of 1 Hz were applied. The peak amplitude of I Na measured during cell exposure to different concentrµµations (1-300 µM) of this compound was thereafter compared with the control value. To ensure accurate fitting, the concentration-dependent relation of Rot on inhibition of I Na was fit using a modified form of sigmoidal Hill equation:
where [Rot] indicates the Rot concentration; IC 50 and n H are the concentration needed for a 50% inhibition and Hill coefficient, respectively; and E max is the maximal reduction in peak I Na amplitude caused by Rot.
The concentration-dependent stimulation of Rot on I Cl(Ca) was also determined with the use of a Hill function, where V is the voltage in mV, E rev the reversal potential of I Na (fixed at +45 mV), G the Na + conductance in nS, and I the current in pA, while V h and k are the gating parameters.
The quasi steady-state inactivation curve (i.e., h ∞ -V curve) of I Na in the presence or absence of Rot was plotted against the conditioning potential and fit with the following equation adapted from another Boltzmann function:
where I/I max is the h ∞ factor, V the conditioning potential in mV, V 1/2 the membrane potential for halfmaximal inactivation, and k the slope factor of inactivation curve for I Na .
The amplitude of K ATP -or BK Ca -channel currents was analyzed using pCLAMP 10.2 (Molecular Devices). Multi-gaussian adjustments of the amplitude distributions among channels were employed to determine single-channel currents. When the single-channel amplitude was small as compared with the noise level, mean variance analysis for detection of single-channel opening event was also performed [15] .
Statistical analyses
The values are expressed as the means±SEM with sample sizes (n) indicating the number of cells from which the data were taken, and error bars are plotted as SEM. By virtue of a least-squares minimization procedure, linear or nonlinear curve-fitting to the data sets was performed with the aid of Excel 2013 (i.e., Solver subroutine) or OriginPro 2016. The paired or unpaired Student's t-test and one-way analysis of variance with the least-significance-difference method for multiple comparisons were used for the statistical evaluation of differences among means. Non-parametric Kruskal-Wallis test was used, as the assumption of normality underlying ANOVA was violated. Statistical analyses were made using SPSS version 22.0 (IBM Corp., Armonk, NY). Statistical significance was determined at a P value of <0.05.
Computer simulations
To evaluate how autaptic changes influence the pattern of bursting firing, a theoretical model of bursting firing of action potentials (APs) was adapted from previous work [16, 17] . The XC model is based primarily on biophysical properties of hippocampal CA3 pyramidal neurons and comprises the delayedrectifier K + current, the transient K + current, the Ca 2+ -activated K + current, the Na + current, and the Ca 2+ current. In the present simulations, the conductance values and reversal potentials used to solve the set of differential equations are listed in Table  1 . Detailed descriptions of XC modeled neuron were provided previously [16, 17] . Moreover, a chemical autapse, which used the fast threshold modulation scheme [18, 19] , was incorporated into the modeled neuron in attempts to mimic the Rot effects observed in mHippoE-14 cells. The function is described as follows: where g aut represents autaptic self-feedback strength (conductance), I aut is the autaptic current, V(t-τ) is the APs of neuron i at earlier time t-τ, τ (in unit of msec) is autaptic delayed time, and V syn is the reversal potential for excitatory synapse. In the chemical synapse function embedded in the modeled neuron, the values of k and θ are arbitrarily set at 1 and 0. The ordinary differential equations were solved numerically using the explicit Euler method with a time step of 0.001 msec.
Results

Effect of Rot on voltage-gated Na
+ current (I Na ) in mHippoE-14 hippocampal neurons We first investigated whether Rot has any effects on I Na present in mouse hippocampal neurons. In this series of experiments, cells were bathed in Ca 2+ -free Tyrode's solution containing 10 mM tetraethylammonium chloride and 0.5 mM CdCl 2 and the pipette was filled with a Cs + -containing solution, the composition of which was described under Materials and Methods. As the cell was rapidly depolarized from -80 to -10 mV, addition of Rot (10 µM) resulted in a progressive reduction of peak I Na in these cells (Fig. 1A) , and Rot-sensitive I Na was shown in inset of Fig. 1A . For example, when cells were exposed to 10 μM Rot, the peak amplitude of I Na elicited by membrane depolarization from -80 to -10 mV was significantly diminished by 15.9±1.1 % to 2338±160 pA (n=11, P<0.05) from a control value of 2783±187 pA (n=11). Likewise, the density of peak I Na was decreased from 99.4±5.8 to 83.5±4.7 pA/pF (n=11, P<0.05). After washout of this agent, peak current amplitude was partially returned to 2613±166 pA (n=7). However, neither activation nor inactivation time constants of peak I Na were changed in the presence of 10 µM Rot. Moreover, neither activation nor inactivation time course of I Na elicited by rapid membrane depolarization was modified as the cells were acutely exposed to Rot. As depicted in Fig. 1B , averaged I-V relationship of peak I Na taken with or without addition of 10 µM Rot remained unaltered, despite its ability to suppress the peak amplitude of I Na . The reversal potential of peak I Na did not differ significantly between the absence and presence of Rot. The I-V curves obtained in the control and during cell exposure to 10 µM Rot were fitted with a Boltzmann equation as described in Materials and Methods. In control (i.e., in the absence of Rot), G=55.7±1.2 nS, V h =-29.3±0.8 mV, k=8.6±0.3 (n=7), while in the presence of 10 µM Rot, G=45.1±0.9 nS, V h =-31.1±0.8 mV, k=8.9±0.3 (n=7). The results showed that the values of neither V h nor k was significantly changed in the presence of Rot (P>0.05), although the value of G (Na + conductance) was diminished (P<0.05). Moreover, in the continued presence of Rot, subsequent addition of tefluthrin (10 µM) significantly reversed Rot-induced decrease of peak I Na (Fig. 1D ). Tefluthrin is a pyrethroid insecticide known to activate I Na [20, 21] .
The effect of Rot on the steady-state inactivation of I Na recorded from mHippoE-14 cells was also determined. In this set of experiments, cells were bathed in Ca 2+ -free, Tyrode's solution and the steady-state inactivation parameters of I Na were quantitatively obtained in the presence or absence of 10 μM Rot. As shown in Fig. 1C , the normalized amplitude of I Na was constructed against the conditioning potential and the smooth curves were well fitted by the Boltzmann equation as described in Materials and Methods. In control, V 1/2 =-6.8±0.5 mV, k=6.2±0.4 (n=8), whereas in the presence of Rot (10 μM), V 1/2 =-6.6±0.6 mV, k=6.3±0.5 (n=7). The values of neither V 1/2 nor slope factor (k) were noted to differ significantly between the absence and presence of 10 µM Rot. Therefore, the presence of Rot produced little or no modification on the inactivation curve of I Na in these cells. Additionally, by use of nonlinear least-squares fit to the data points (Fig. 1E) , the IC 50 value needed to exert its inhibitory effect on peak I Na amplitude was calculated to be 39.3 µM with a Hill coefficient of 1.2, and this agent at a concentration of 300 µM nearly abolished current amplitude. Cellular Physiology and Biochemistry a family of ionic currents which displayed both the slightly outward rectification and the slowing deactivating tail currents in response to a wide range of membrane potentials (Fig.  2) . These currents, which tended to increase with time during the depolarizing step and to decay slowly with time following the return to holding potential, have been previously referred to as Ca
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-activated Cl -current (I Cl(Ca) ) [22, 23] . When cells were exposed to 10 µM Rot, the amplitude of I Cl(Ca) in response to membrane depolarization was progressively raised (Fig. 2) . For example, when the cell was depolarized from -50 to +110 mV, the I Cl(Ca) amplitude measured at the end of voltage pulse was significantly increased to 681±96 pA (n=7, P<0.05) from a control of 230±61 pA. Likewise, the amplitude of slowly deactivating tail currents following the return to holding potential was also enhanced from to 223±17 to 427±25 pA (n=7, P<0.05). Furthermore, further addition of niflumic acid (1 µM), but still in the presence Each cell was depolarized from -80 to -10 mV and peak I Na was measured. In the experiments on Rot plus tefluthrin, tefluthrin was subsequently applied in continued presence of Rot. Each bar indicates the mean±SEM (n=8-11). Rot: 10 µM rotenone; Tef: 10 µM tefluthrin. * Significantly different from control (P<0.05) and # significantly different from Rot alone group (P<0.05). (E) Concentration-response curve for Rot-induced inhibition of peak I Na in these cells. The peak amplitude of I Na during cell exposure to Rot was compared with the control value (mean±SEM, n=7-12 for each point). The blue smooth line represents a best fit to a Hill function described in Materials and Methods. The values for IC 50 , maximally inhibited percentage of peak I Na , and the Hill coefficient were 39.3 µM, 100%, and 1.2, respectively. of 10 µM Rot, effectively decreased deactivating I Cl(Ca) amplitude to 238±21 pA (n=5, P<0.05). Niflumic acid is recognized as a blocker of I Cl(Ca) [23] . As pipette solution contained 10 mM EGTA which strongly chelated free Ca 2+ , addition of As the recording pipette was filled with 10 mM EGTA, in which intracellular Ca 2+ was significantly reduced, addition of Rot (10 µM) failed to activated I Cl(Ca) in these cells.
Cellular
The relationship between the Rot concentration and the amplitude of I Cl(Ca) was further evaluated. As illustrated in Fig. 2C (vol) ) was demonstrated in the presence of 10 µM Rot, although addition of DCPIB (10 µM), a blocker of I Cl(vol) , significantly suppressed the amplitude of I Cl(Vol) (Fig. 2D) .
K ATP -channel activity of mHippoE-14 cells caused by the presence of Rot
Rot was previously reported to induce a tolbutamide-sensitive outward current in nigral dopaminergic neurons [4] . The activity of K ATP channels present in mHippoE-14 cells was further investigated with or without addition of Rot. In this series of experiments, mHippoE-14 cells were bathed in Ca 2+ -free Tyrode's solution. In cell-attached configuration, each cell examined was held at the level of -60 mV relative to the bath. As in the experiment of Fig. 3 , when Rot at a concentration of 10 µM was applied to the bath, K ATP -channel activity was progressively increased (Fig. 3A) . The K ATP -channel currents occurred in rapid openclosed transitions and in brief bursts with single-channel amplitude of 2.71±0.08 (n=8) at -60 mV. The presence of Rot (10 µM) significantly increased the probability of channel openings from 0.007±0.0008 to 0.012±0.001 (n=8, P<0.05). However, on the basis of meanvariance analysis for single K ATP channels in these cells, no significant difference in singlechannel amplitude between the absence and presence of Rot was demonstrated (Fig. 3C) [24] . The K ATP -channel activity at various membrane potentials was also examined in the presence of Rot. The plot of single-channel amplitude as a function of holding potential was constructed. Fig. 3D illustrates the averaged I-V relation of singlechannel currents during the exposure to Rot (10 µM). However, in inside-out configuration, addition of Rot to the bath was found to produce minimal effects on the activity of K ATP channels in mHippoE-14 cells.
The activity of MEPPs in the absence and presence of Rot recorded from mHippoE-14 cells
Whether Rot produces any effects on the activity of MEPPs recorded from mHippoE-14 cells was further investigated in another set of experiments. Cells were bathed in normal Tyrode's solution containing 1 µM tetrodotoxin. Tetrodotoxin blocked the presence of spontaneous electrical firing on which MEPPs could be overlaid. Under current-clamp condition, autaptic activity with MEPPs at a frequency of about 1 Hz was clearly observed. Under our experimental conditions as described previously [25] [26] [27] , synapses tend to be appropriately formed by autaptic mHippE-14 neurons. When cells were exposed to Rot at a concentration of 3 and 10 µM, neither the MEPPs amplitude nor the values of rise and decay tau were significantly changed (Table 2) ; however, the presence of Rot did raise the frequency of MEPPs significantly (Fig. 4) . Addition of MK-801 (100 µM), still in the presence of 10 µM Rot, significantly decreased Rot-induced increase of MEPP frequency. Moreover, the resting potential with or without addition of Rot (10 µM) was noted to be not changed significantly (69.5±1.6 mV [n=9; control] versus 69.7±1.9 mV [n=8; Rot], P>0.05). Likewise, when whole-cell voltage clamp mode was made, the activity of autaptic currents was found to be enhanced in the presence of 10 µM Rot (Fig. 5A) . A leftward shift in the relationship of cumulative probability versus inter-event interval was seen during the exposure to 10 µM Rot (Fig. 5B) ; however, the cumulative probability of current amplitude remained unchanged. The results prompted us to suggest that the increase of MEPP frequency after addition of Rot is not due to cell depolarization, despite its ability to increase MEPP frequency.
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Simulated bursting pattern of APs in XC modeled neuron with varying g aut
In a final set of study, we explored how the dynamics of bursting firing in a modeled neuron can be altered by increasing the values of g aut to mimic the effects of Rot on I aut described above. The descriptions for this modeled neuron were detailed previously [16, 17] and an autaptic synapse with varying strength was incorporated into the model [18, 19] . The g aut value reflects the autaptic self-feedback strength and other default parameters are Table 1 . For studying this, a brief depolarizing current with 0.02 mA/ cm 2 was applied to modeled central neuron (i.e., XC modeled neuron), in an attempt to generate bursting firing of neuronal APs. It is clear from these simulations that the delayed autaptic feedback connection greatly modifies the response dynamics of the modeled neuron. The structure of the interspike intervals of the bursting patterns of a modeled neuron in response to varying g aut is illustrated in Fig. 6A . The varying spike frequency of burst firing in response to different values of g aut was detected in a periodical fashion. There was a progressive shortening of the interspike interval (i.e., the interval of intraburst APs over time) in combination with to facilitate the transition toward chaotic bursting, particularly when the g aut value was greater than 1 mS/cm 2 . Moreover, by elevating g aut value to 0.1 and 0.5 mS/cm 2 to mimic the action of Rot (3 and 10 µM), we were able to show an increase in intrabursting firing and the emergence of subthreshold potentials (Fig. 6B) .
Discussion
This study provides the evidence to show that Rot can exert multiple actions on ion currents inherently in mHippoE-14 hippocampal neurons. A current study reported the ability of Rot to enhance the amplitude of L-type Ca 2+ current in vascular A7r5 myocytes with a hyperpolarizing shift of I-V relationship of this current [8] . However, distinguishable from that, our results demonstrated that addition of Rot decreased the peak amplitude of I Na in mHippoE-14 cells in a concentrationdependent fashion, although no significant change in the steady-state inactivation curve of peak I Na was change in the presence of Rot. As cells were exposed to Rot, neither activation nor inactivation time course of peak I Na was altered. Moreover, tefluthrin, still in the presence of Rot, can reverse the inhibition by this compound of peak I Na . Although the discrepancy of these results is unclear, it could be due to different types of cells examined. It is also possible that the I Na and Ca 2+ currents tend to be differentially regulated by Rot and that Rot-induced inhibition of I Na is associated with its production of reactive oxygen species [4] .
The IC 50 value required for Rot-mediated inhibition of peak I Na is about 39.3 µM. Because the pipette solution used in our whole-cell recordings contained a constant level of pH and ATP, it seems unlikely that Rot-induced suppression of peak I Na is linked to changes in either intracellular pH or ATP content. It is also tempting to speculate that the α-subunit of the Na V 1.1 or Na V 1.6 channels, which are respectively encoded by the SCN1A or SCN8A gene, is functionally expressed in mHippoE-14 cells [16, 28] . 
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The I Cl(Ca) is functionally expressed in a subset of neurons used for performing a specific function for this subset of neurons [22] . The magnitude of I Cl(Ca) in hippocampal neurons is involved in AP repolarization, generation of afterpolarizations, and membrane oscillatory behavior [22, 29] . Our study also found out that Rot can enhance the amplitude of I Cl(Ca) in mHippoE-14 cells with an EC 50 value of 35.4 µM. However, in the continued presence of Rot, further application of nimodipine did not reversed the I Cl(Ca) amplitude activated by Rot. It thus seems unlikely that Rot-mediated stimulation of I Cl(Ca) in mHippoE-14 cells is closely associated with changes in the amplitude of L-type Ca 2+ current, although the detailed mechanism of Rot-induced stimulatory action on I Cl(Ca) remains to be studied. It is likely that the functional expression of TMEM16A, TMEM16B, or both [29] , combines to contribute to generation of I Cl(Ca) in mHippoE-14 cells.
The single-channel conductance of K ATP channels in mHippoE-14 cells was 18.1±0.3 pS (n=9). This value is similar to those of typical K ATP channels reported in certain types of neurons, but lower than that of K ATP channels seen in endocrine cells [24] . Previous reports have shown that the Kir6.2/SUR1 complex tends to be the best candidate for the brain function K ATP channels [30] . On the basis of biophysical and pharmacological properties, the K ATP channel in mHippoE-14 cells appears to be distinguished from those in hippocampal Cells were bathed in normal Tyrode's solution containing 1 µM tetrodotoxin. Tetrodoxin was used to block spontaneous firing of neuronal action currents which reflect the occurrence of APs. In (A), under whole-cell voltage-clamp configuration, a cell was held at-70 mV and current amplitude was measured in the absence (a) and presence (b) of 10 µM Rot. Note that the downward deflection indicates the activity of autaptic inward currents. (B) Relationship of cumulative probability versus inter-event interval. Note that there was a leftward shift in the cumulative probability of autaptic currents in the presence of 10 µM Rot. 
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Cellular Physiology and Biochemistry H19-7 neurons and other types of neurons [13, 14, 30, 31] . It is thus likely that Kir6.1 was functionally expressed in mHippoE-14 cells. It remains to be further determined whether K ATP channels in mHippoE-14 cells are heteromers composed of SUR and Kir6.1 subunits. Nonetheless, the activity of K ATP channels in hippocampal neurons would be highlighted for either ischemic insults or epileptic activity during hyperglycemic state [31] [32] [33] . Rot-induced activity of K ATP channels was clearly observed in mHippoE-14 cells. 4, 4'-Dithiodipyridine did not increase channel activity further; however, tolbutamide was effective at suppressing Rot-mediated channel activity. Moreover, in inside-out configuration, addition of Rot to the bath had no effects on the probability of K ATP -channel openings. Consistent with previous observations [34] , the results can be primarily explained by the ability of Rot to induce overproduction of reactive oxygen species accumulated inside the cell.
In our study, we found that addition of Rot to mHippoE-14 cells increased the frequency of MEPPs. Subsequent addition of MK-801 was effective at reversing Rot-mediated increase of MEPPs frequency. It is thus possible that mHippoE-14 cells contain high concentrations of glutamate, and readily form synapses onto itself which have been identified as an autaptic culture system [26] . Under such synapse pairs, effective contact is signaled by the emergence of MEPPs. It has been demonstrated that Rot reduced paired-pulse ratios at mossy fiber-CA3 synapses, indicating increased neurotransmitter release probabilities and exacerbates seizures [35] . Nonetheless, the mHippoE-14 cells in culture (i.e., autaptic cultures) tend to be electrically or chemically coupled and may provide a simple system to elucidate the mechanism of receptor-evoked neurotransmitter secretion, the presynaptic release machinery, or both, because of a reduced model system which displays less interaction by other inputs or by feed-back regulations [18, 19, 25-27, 36, 37] .
Rot has been previously reported to potentiate NMDA-induced currents in substantia nigra dopaminergic neurons [7] . However, in our study, no detectable changes in MEPP amplitude and the time course of rise and decay were demonstrated in the presence of Rot, although it did enhance MEPP frequency. It seems unlikely that Rot itself effected any change in NMDA receptors in mHippoE-14 cells. Moreover, in our theoretical study, the autaptic conductance was incorporated to XC modeled neuron in attempts to mimic the Rot action on central neuron. When the strength of autaptic coupling was increased, the bursting frequency of neuronal APs was increased and the transition to chaotic bursting was facilitated. Therefore, through its effects on MEPPs and autaptic activity, bursting patterns are expected to be greatly altered.
In conclusion, Rot was able to suppress the amplitude of I Na and to enhance I Cl(Ca) and the activity of K ATP channels, and it increased the frequency of MEPPs. Rot-mediated increase of I Cl(Ca) may cause membrane depolarization, thereby enhancing neuronal excitability. However, such depolarization could be reversed by its activation of K ATP channels and the increased excitability tends to be depressed by its suppression of I Na . Taken together, the cellular electrophysiological effects of Rot on membrane ion currents inherently in mHippoE-14 cells might significantly contribute to its neurotoxic actions in vivo [38] .
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